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cobalt- or rhodium-phosphin complexes are 
used. 

Propen is the olefin mostly used. The oxo- 
products are converted to alcohols, carboxylic 
acids, aldol-condensation products, and primary 
amines. About 20 commercial processes are state 
of the art. An excellent review is given in [8.41] 
(see -» Oxo Synthesis). 

Homologation. Under the reaction conditions of the 
hydroformylalion alcohols and aldehydes react with car- 
bon monoxide -hydrogen under elongation of the chain by 
one CH,- unit 



R-CH 2 -OH +CO/H 2 



R-CH,-CH,-OH + H 2 0 



Homologation has been performed with a number of 
alcohols, the production of ethanol from methanol has 
been most intensively investigated. The homologation is 
not used industrially because of the many side reactions 
which take place [8.42]. 

Synthesis Gas as Chemical Feedstock. Hydro- 
gen-carbon monoxide mixtures, hydrogen alone, 
and their primary product methanol are impor- 
tant feedstocks for the chemical industry. Nowa- 
days, ethylene which is produced from propane, 
ethane, naphtha, or gas oil is the most important 
feedstock for the production of industrial organ- 
ic chemicals in the chemical industry. Bascially, 
it is, however, possible to obtain these com- 
pounds from synthesis gas thus changing the 
feedstock basis to coal (see Fig. 100). 

8.1.5. Hydrogen in Organic Synthesis 

Hydrogen is required for the production of 
chemicals and intermediates in organic chemis- 
try. A large number of hydrogenations or reduc- 
tions are carried out on a technical scale 

Hydrogenation and Dehydrogenation). 

Activated and nonactivated double and triple 
bonds in olefins and acetylenes can be easily par- 
tially or totally hydrogenated, whereas the hy- 
drogenation of aromatic and heterocyclic bonds 
requires more energetic conditions. Functional 
groups, such as carbonyl, nitro, nitroso, and ni- 
trite groups, can also be hydrogenated. 

The reaction conditions are dictated by equi- 
librium (65). The reactions are exothermal and 
run in the presence of a catalyst. 



A + /?H 3 



BH 2n 



(65) 



Directions for carrying out catalytic hydrogena- 
tions on a laboratory or industrial scale are given 



in [8.43]. Summaries of hydrogenation reactions 
are given in [8.44] and [8.45]. Hydrogenation cat- 
alysts are metals of groups 8-10 of the periodic 
system (see front matter of this volume), e.g., 
Raney nickel, as well as copper and molybde- 
num. In particular the noble metals (Pt, Pd), are 
highly-active catalysts [8.46]. Homogeneous sys- 
tems with molecularly dispersed catalysts in the 
solution, can be used for special synthesis prob- 
lems (selective hydrogenation, asymmetric syn- 
thesis) but are at present of no great importance 
in commercial areas because of the frequently 
encountered difficulty to remove the catalyst 
from the reaction mixture. Table 40 gives an 



Synthesis 
gas 



I — Methanol synthesis 



Fuel methanol synthesis 
CH 3 0H*higher alcohols (C 2 -C 6 ) 



Synthol process, FT entrained-bed 
process mainly gasoline (SAS0L) 



ARGE process of FT synthesis 
gasoline, diesel fuel, alkanes 
(SAS0L) 



New catalytic direct synthesis 
of lower olefins (C 2 -CJ 



SNG (substitute natural gas) 



Direct synthesis of glycol 
(Union Carbide) 



Direct formic acid synthesis 



Hydrogen production 



Direct ethanol synthesis 



Methane synthesis 
(SNG, C hydrogenation) 



Direct acetic acid synthesis 
(Hoechst) 



Figure 100. Synthesis gas as feedstock in the chemical in- 
dustry 
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overview of commercially used hydrogenation 
reactions. 

High-purity hydrogen is necessary for the 
partial or total hydrogenation of fats and oils 
(for the production of edible fats or for technical 
purposes). In fat hydrogenation the polyene 
tnene, and diene fatty acids in their glyceride 
form are selectively hydrogenated to the corre- 
sponding monoene acids. 

The industrial production of sugar alcohols 
such as sorbitol, xylitol or mannitol from the 
corresponding sugars is carried out by catalytic 
hydrogenation. Batch suspension processes us- 
ing Raney nickel catalysts are mainly employed 
under reaction conditions of 120-150 °C and 
3-7 MPa [8.47]. 

8.1.6. Hydrogen in Inorganic Synthesis 

The catalytic hydrogenation of anthraqui- 
none and its derivatives followed by their auto- 
oxidation to yield hydrogen peroxide is the basis 
of the commercially important process for hy- 
drogen peroxide production Hydrogen Per- 
oxide, p. 447-456). Further important reactions 
in inorganic chemistry are the production of hy- 
drochloric acid from hydrogen and chlorine 
(- Hydrochloric Acid) and the hydroxylamine 
synthesis (-> Hydroxylamine). 



8.2. Hydrogen in Metallurgy 

Iron Metallurgy. To reduce iron ore, apart 
from coke (classical blast furnace process), other 
reducing agents can be used. For reduction a gas 
containing hydrogen, carbon monoxide, or mix- 
tures of these is suitable. The reduction gas is 
produced by steam reforming or partial oxida- 
t.on of fossil fuels. These "direct ^//^"pro- 
cesses (- Iron, AI4, p. 554) yield sponge iron 
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which can be melted to give crude iron which is 
further processed to steel. 

The leading direct reduction technologies are 
the Midrex. the HyL I. and the HyL III process 
with 90% of the total capacity [8.48]. The hydro 
gen content of the reducing gas is ca 40- 
65 vol % (Midrex, shaft furnace) and 75 vol % 
(HyL III, retorts). To fully utilize the reduction 
potential of the gas. carbon dioxide and water 
vapor are removed and the gas is recycled. 

The use oipure hydrogen has advantages with 
respect to the reaction time, the degree of reduc- 
tion and the texture of the reduced pellets [8 49] 
but the carbidizing reaction necessary for steel 
production cannot take place, so that reduction 
with pure hydrogen has not been able to estab- 
lish itself. 

Nonferrous Metallurgy. Hydrogen is em- 
ployed as reducing agent and as utility in some 
powder metallurgy production processes. Table 
41 shows the use of hydrogen during the produc- 
tion and handling of various nonferrous metals 

For recovery of copper from its sulfidic ores 
reduction with hydrogen in the presence of calci- 
um oxide has been suggested [8.50]. The thermo- 
dynamically unfavorable position of the hydro- 
gen reduction reaction on metal sulfides is 
improved by the removal of the developing hy- 
drogen sulfide (as CaS) from the equilibrium 
mixture. 



8.3. Other Uses 

Use of the High Temperature of the Oxyhy- 
drogen Flame. The combustion of a stoichiomet- 
ncal hydrogen -oxygen mixture leads to flame 
temperatures in the range of 3000-3500 K Such 
flames can be used for: 



Table 41. Use of hydrogen in the nonferrous metallurgy 
Metal 




Copper 

Nickel 

Cobalt 



Molybdenum, tungsten 

Tantalum 

Germanium 



Uranium 



reduction of copper salt solutions under pressure 
sclccnve reduction during cobalt production 

( r fMPri75Xr US C ° ba " Sa " SO,U " 0nS Undcr <~' 
reduction of the oxides or molybdalcs and tungs.ena.es 
reduct.on of .amalum chloride. TaCI 5 , in hydrogen Isma 
reducfon of germanium te.roxide. Gc0 4 . a, 650 T 

reduclion of the higher uranium oxides at 650 C 



Cu powder 
Ni powder 
Co powder 

Mo. W powder 
Ta hydride, Ta powder 
Ge powder for further 
processing in zone melting 
UO, 



